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Abstract

Hadal trenches act as depocenters for organic material, although pathways for hadal material transport and deposition rates are
poorly constrained. Here we assess, focusing, deposition and accumulation, of material and organic carbon in four hadal trench
systems underlying provinces of different net primary productivity in the surface ocean — from the eutrophic Atacama and Kuril-
Kamchatka trenches, and the mesotrophic Kermadec Trench, to the oligotrophic Mariana Trench. The study is based on the
distributions of 219Pbey, 137Cs and total organic carbon from recovered sediment cores and by applying previously quantified
benthic mineralization rates. Periods of steady deposition and discreet mass-wasting deposits were identified from the profiles
and the latter were associated with historic recorded seismic events in the respective regions. During periods without mass
wasting, the estimated focusing factors along trench axes were elevated, suggesting continuous downslope focusing of material
towards the interior of the trenches. The estimated accumulation rates of organic carbon during these periods exhibited
extensive site-specific variability but were generally similar to values encountered at much shallower settings such as continental
slopes and margins. Organic carbon deposition and accumulation rates during periods of steady deposition was not mirrored
by surface ocean productivity, but appeared confounded by local bathymetry. Seismic driven mass wasting events markedly
enhanced the accumulation of sediment and organic carbon by factors from 20 to 400. Thus, hadal trenches are important sites
for deposition and sequestration of organic carbon in the deep-sea partly due to intensified downslope focusing of material but

mainly due to mass-wasting events.
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Key Points

o Hadal trench systems act as important hot spots for accumulation and
retention of organic material in the deep sea.

e The sediment and organic carbon accumulation in trench systems are
partly mediated by material focusing but mainly by mass-wasting events.



e Sediment and organic carbon deposition rates vary within and between
trench systems due to sporadic seismic activity and local bathymetry.

Abstract

Hadal trenches act as depocenters for organic material, although pathways for
hadal material transport and deposition rates are poorly constrained. Here we
assess, focusing, deposition and accumulation, of material and organic carbon in
four hadal trench systems underlying provinces of different net primary produc-
tivity in the surface ocean — from the eutrophic Atacama and Kuril-Kamchatka
trenches, and the mesotrophic Kermadec Trench, to the oligotrophic Mariana
Trench. The study is based on the distributions of 21°Pb_, 37Cs and total
organic carbon from recovered sediment cores and by applying previously quan-
tified benthic mineralization rates. Periods of steady deposition and discreet
mass-wasting deposits were identified from the profiles and the latter were as-
sociated with historic recorded seismic events in the respective regions. During
periods without mass wasting, the estimated focusing factors along trench axes
were elevated, suggesting continuous downslope focusing of material towards the
interior of the trenches. The estimated accumulation rates of organic carbon
during these periods exhibited extensive site-specific variability but were gener-
ally similar to values encountered at much shallower settings such as continental
slopes and margins. Organic carbon deposition and accumulation rates during
periods of steady deposition was not mirrored by surface ocean productivity,
but appeared confounded by local bathymetry. Seismic driven mass wasting
events markedly enhanced the accumulation of sediment and organic carbon by
factors from 20 to 400. Thus, hadal trenches are important sites for deposition
and sequestration of organic carbon in the deep-sea partly due to intensified
downslope focusing of material but mainly due to mass-wasting events.

Plain Language Summary

Hadal trenches (>6000 m water depth) occupy ~1 % of the world’s ocean bed
yet are underexplored, but recent studies have shown that these environments
are depocenters for organic material and microbial activity is intensified when
compared to shallower abyssal plains. However, transport and accumulation of
sediment material to these hadal trenches is poorly understood. This study
investigates sedimentation and accumulation dynamics of organic carbon in
trenches using results of radionuclide analysis (in sediment from the Atacama,
Kuril-Kamchatka, Kermadec, and Mariana trenches. The analysis shows that
trench sediments consist of discreet layers representing both periods of con-
tinuous deposition and sudden mass-wasting events often triggered by historic
earthquakes. Down slope focusing of material intensified deposition along the
trench axes. However, the rates exhibited extensive site-specific variations that
partly were related to mass-wasting events which greatly enhanced not only
mass accumulation but also organic carbon accumulation in the trench axes.
Our results illustrate the important role that mass-wasting events of supplying
organic carbon to hadal communities and suggest that hadal trenches might be
quantitatively important for sediment and organic carbon sequestration in the



deep sea.
Keywords:

Hadal trench, radionuclides, mass accumulation rate, focusing factor, mass-
wasting event, organic carbon accumulation rate

1. Introduction

The hadal zone is defined as regions with water depths exceeding 6000 m and
covers approximately 1 % of the ocean floor (Harris et al., 2014). The most
prominent hadal environments stretch along tectonic subduction zones, where
they form long, narrow trench systems. Generally, the vertical transport of
organic material from the surface ocean attenuates strongly with ocean depth
(Berger et al. 1987), but during the past two decades it has been realized that
hadal trenches can act as depocenters for organic material (Danovaro et al., 2003;
Ichino et al., 2015; Xu et al., 2021). In addition, some trench sediments hold
surprisingly high levels of microbial and meiofaunal biomass (e.g., Itoh et al.,
2011; Brandt et al., 2020; Schauberger et al., 2021) and hadal sediments appear
to express elevated O, consumption rates as compared to adjacent abyssal sites
with water depths of 5000-6000 m (Glud et al., 2013; Wenzhofer et al., 2016; Luo
et al., 2019; Glud et al., 2021). These observations imply that deposited organic
materials in trenches not only consist of resilient pre-aged organic material but
include relatively labile and nutritious organics that can sustain highly active
biological communities thriving at extreme hydrostatic pressure. Indeed, high
but variable concentrations of phytodetrital material has been found in hadal
sediments (Glud et al., 2013; Wenzhofer et al., 2016) and deposition in hadal
environments appears to be modulated by several processes.

Tidal fluid dynamics may induce internal waves which combined with complex
seafloor bathymetry have been suggested to focus (and winnow) relatively fresh
material along trench axes (Turnewitsch et al., 2014; van Haren, 2020). This
focusing/winnowing of deposited organic material would partly explain the ex-
tensive spatial variability in microbial activity encountered along trench axes
despite relatively similar surface ocean production (Glud et al., 2021). However,
hadal subduction trenches are located at plate boundaries and are exposed to fre-
quent earthquakes that may trigger mass-wasting events (Nozaki & Ohta, 1993;
Oguri et al., 2013; Tkehara et al., 2016; Bao et al., 2018; Usami et al., 2018) that
re-distribute sedimentary and organic materials from the trench slope towards
the trench axis (Kawamura et al., 2012; McHugh et al., 2020). For example,
the Tohoku-Oki earthquake (M,,=9.1) in 2011, is estimated to have remobilized
more than 1 Tg of carbon towards the axis of the Japan Trench (Kioka et al.,
2019a). Past mass-wasting events are preserved in the sedimentary record and
are often characterized by layers of abnormal age distribution of organic mate-
rial as determined by 4C dating (1*C ), with older deposits overlying younger
and fresher material (Bao et al., 2018; Ikehara et al., 2020; Usami et al., 2021;
Xu et al. 2021). The rapid re-deposition may also form unusual thick sediment
layers characterized by high levels of excess 21°Pb (?!°Pb,, ) along the trench



axes (Oguri et al., 2013; McHugh et al., 2016; 2020). However, mass-wasting
events may not only redeposit large amounts of organic carbon from the slopes
towards the trench axes but may also carry, and focus, relatively fresh phytode-
trital material (Oguri et al., 2013) and carrion killed during these catastrophic
events (Arai et al., 2013; Oguri et al., 2013).

Hadal trenches remain grossly under sampled and the extent that deposited
organic material is retained in the sedimentary record or mineralized remain
poorly constrained. Here we quantify deposition dynamics in four different
hadal trench systems from the distribution of radionuclides (2!°Pb,, and 37Cs)
in recovered sediment cores. The study areas underlie oceanic provinces of highly
different surface ocean production — from the eutrophic, Atacama, and Kuril-
Kamchatka trenches to the mesotrophic Kermadec Trench and the oligotrophic
Mariana Trench. These data are used to quantify sedimentation and mass accu-
mulation rates, material focusing and accumulation efficiency of organic carbon
at the axis of the four targeted trench systems.

2. Methods
2.1. Sediment sampling and storage

Sediment cores within the four targeted trench systems (Figure la), were
collected during the cruises of R/V Sonne (Atacama Trench, SO261 from
2/Mar to 2/Apr/2018; Figure 1b), R/V Sonne (Kuril-Kamchatka Trench,
SO250 from 16/Aug to 26/Sep/2016; Figure 1c), R/V Tangaroa (Kermadec
Trench, TAN1711 from 24/Nov to 14/Dec/2017; Figure 1d), and R/V Yokosuka
(Mariana Trench, YK10-16 from 20/Nov to 4/Dec/2010; Figure le). Summary
information on the sampling sites is provided in Table 1. Most sediment cores
were collected with a multi-corer (Barnett et al., 1984), two sites were sampled
with a box corer and three sites were sampled by an autonomous sediment
coring lander (Table 1). The sediment cores were quickly transferred to a
thermo-regulated room maintaining temperature close to in situ conditions.
Within 24 hours, the cores were sectioned, and each sediment slice was
homogenized and kept frozen in plastic bags until analysis.
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Figure 1. (a) Location of the four trench systems targeted by the study: Ata-
cama, Kuril-Kamchatka, Kermadec and Mariana trenches. Sampling sites in the



individual trench regions are depicted in the subpanels; (b) Atacama, (c) Kuril-
Kamchatka, (d) Kermadec, and (e) Mariana. All elevation data sourced from
the GEBCO Compilation Group (2021). Copyright British Geological Survey
© UKRI 2022.

Table 1. Sampling Sites, Water Depth, Latitude, Longitude, Core Length and
Sampling Equipment.

Note. MUC: multi-corer, and BC: box corer. Net primary productivity where
derived from a model of Behrenfeld & Falkowski (2007) and remote sensing
data from the period 2009-2018 at the respective sites. The values of Atacama,
Kermadec and Mariana Trenches have previously been presented in Glud et al.
(2021). Precise depth, latitude, longitude may be slightly varied by correction
from the ship positioning. For detail, please contact to the author.

In the onshore laboratory wet re-homogenized sediment was transferred to a
plastic cube of known internal volume. The sediment weight was determined
before and after drying the samples at 80°C for a total of 48 hours to calcu-
late the water content and the dry bulk density. Subsequently the material
was ground into powder with an agate mortar and pestle in preparation for
measurements of the concentration of the targeted radionuclides.

2.2. Measurements of ?1°Pb_,_ and 137Cs concentrations and calcula-
tions of sedimentation and mass accumulation rates.

Recent (~100 years) deposition dynamics, and sedimentation and mass accumu-
lation rates (SR and MAR) can be derived from the sedimentary distribution of
excess 210Pb (?1°Pb,; half-life of 22.3 years) (Koide et al. 1972). The particle
reactive 210Pb_ is produced from decay of ??2Rn in the atmosphere and the
water column and accumulates at the sediment surface via particle scavenging
(Craig et al., 1972; Koide et al., 1972). Non-bioturbated sediment characterized
by slow and steady accumulations exhibit 219Pb, profiles with a mono exponen-
tial decline from the surface layer, while layers deposited during mass-wasting
events are identified as layers of constant 2!°Pb__. In addition, 137Cs (half-life
of 30 years) originating from previous nuclear tests in the Northern Hemisphere
and catastrophic accidents at nuclear power plants, represent another chrono-
logical indicator for recent (after 1955) deposition dynamics (e.g., Fuller et al.,
1999; Kusakabe et al., 2017).

The analyses of 2!°Pb_, and **7Cs in the sediment samples from Atacama, Ker-
madec and Mariana trenches were carried out at Japan Agency for Marine-Earth
Science and Technology (JAMSTEC), while samples from Kuril-Kamchatka
Trench were analyzed at The Scottish Universities Environmental Research Cen-
tre (SUERC). At both institutions, the radionuclide concentrations were quan-
tified by gamma spectrometry. For 5 sites in the Atacama Trenches (Al, A2,



A4, A5 and A6), the 21°Pb__ profiles were also quantified in parallel at Edith
Cowan University (ECU, Australia).

At JAMSTEC, 2.0 g of sediment was placed in a sealed plastic vessel and kept
for at least 2 months to establish secular equilibrium between 2?Ra and 2??Rn.
For gamma ray counting, well-type High-Purity Germanium (HPGe) detectors
(GWL120230 or GWL120-15, ORTEC-Ametek). Samples were counted for 1 to
4 days. The emission peaks of 2'°Pb, 24Pb and '*7Cs used for the analysis
were 46.5, 351.9 and 661.6 keV, respectively. The 2!Pb__ concentrations were
calculated by subtracting the 2'*Pb concentrations from the total 2'°Pb. In
case two-standard deviations of the mean ?'1°Pb_, reached negative values, the
mean was considered below background and removed from the dataset.

At ECU, the 21%Pb concentrations were determined through the analysis of the
concentration of its granddaughter 2'°Po by alpha-spectroscopy, assuming secu-
lar equilibrium of both radionuclides at the time of analysis (Sanchez-Cabeza et
al., 1998). Samples were traced using 2°°Po, followed by an acid digestion using
an analytical microwave, and polonium isotopes were subsequently plated on sil-
ver discs. Alpha emissions were quantified using Passivated Implanted Planar
Silicon (PIPS) detectors (Model PD-450.18 A.M., Canberra) with a Maestro™™
data acquisition software. Some samples from each core were measured by
gamma spectrometry to quantify the specific concentrations of ??6Ra through
the emission lines of its decay product 2*Pb (295.2 and 351.9 keV) using cal-
ibrated geometries in a HPGe detector (Model SAGe Well, Canberra). The
analysis at ECU and JAMSTEC were conducted on separate cores sampled
in the same multi-corer casts, and thus recovered within 1 m distance on the
seabed.

At SUERC, 5.5 to 20.6 g of dried sediment powders were pressed (10-12 tons
of pressure applied using an Enerpac hydraulic disc press) into uniform geome-
tries and the pellets placed into a 55 mm diameter petri dish and sealed with
epoxy resin. The sealed samples were then stored for a minimum of three weeks
before counting to ensure equilibrium between ?26Ra and 22?Rn. Measurements
were made using a low background Profile series HPGe Coaxial photon detector
(GEM-S-XLB-C, ORTEC-Ametek). Analysis times ranged between 1-9 days.
Concentrations of the samples were calculated relative to background measure-
ments and the standard materials in the same geometry to correct for geometry
and self-absorption.

SR (in mm y?!) and MAR (in g em™ y!) were calculated from sections of
the 219Pb,, profiles indicating mono exponential declines in concentrations and
thus excluded the contribution of deposition during mass-wasting events as iden-
tified by constant 2!°Pb__ across distinct depth intervals. The MAR were esti-
mated using the Constant Flux:Constant Sedimentation (CF:CS) model (Krish-
naswami et al., 1971). Total MAR including contributions from mass wasting
were derived from the total inventory of 21°Pb__ as described in section 2.3.

2.3. Calculation of pelagic focusing factors



To independently assess material focusing along the trench axes, we derived a
focusing factor, expressing the ratio between the 2'°Pb,_ inventory in the sed-
iment and the calculated pelagic deficit of the 2!°Pb inventory in the water
column (Kato et al., 2003; Turnewitsch et al., 2004). Assuming steady state, no
horizontal material transport and no addition of 2!°Pb__ from subsurface sedi-
ment layers, the 2!°Pb deficient of the pelagic inventory should be equivalent to
the 219Pb, inventory and the corresponding focusing factor would thus amount
to 1.0. Values above 1.0 or below 1.0 would suggest focusing or winnowing of
material, respectively. The 2!°Pb__ inventory in sediments were calculated from
the following equation:

I=> AezeDBD (1)

where I=219Pb__ inventory (Bq cm™2), A= 219Pb__ concentration (Bq g*) in the
targeted sediment horizon of thickness z (cm) and DBD= dry bulk density of
the sediment (g cm™) at z. In this study, we derived two values for the 21°Pb,_
inventories, either including or excluding the sediment layers considered to have
deposited during mass-wasting events. In the cores collected from the abyssal
plains in the Atacama and Kermadec trenches (A7 and K7), the seabed was cov-
ered by manganese nodules. Manganese nodules are known to elevate 21°Pb,
concentration in the upper sediment layers by the release of 222Rn (DeMaster
& Cochran, 1982). Therefore, the 21°Pb__ inventories for these sites were de-
rived from the mono exponential decline until reaching low background levels
assuming a general profile off-set as argued by DeMaster & Cochran (1982).

Deficits of 219Pb inventory in the pelagic realm was calculated by subtracting
the 219Pb inventory from the 22Ra inventory in the water column. The pelagic
inventories of both nuclides were obtained from profiles measured by previous
studies at sites close to our benthic sites (Chung & Craig, 1973; Thomson &
Turekian, 1976; Chung & Craig, 1980; 1983). The positions of these sites and
the distance between pelagic and benthic sites ranged between 410 and 2600 km
(Table S1). The 21°Pb and #26Ra concentrations below the maximal measur-
ing depth were extrapolated to the sea floor assuming constant concentrations
(Turnewitsch et al., 2014).

2.4. Measurement of total organic carbon (TOC) content and organic
carbon deposition rates.

The TOC content of Atacama, Kermadec and Mariana trench samples were mea-
sured at University of Southern Denmark (SDU), and Kuril-Kamchatka Trench
samples were measured at the Scottish Association for Marine Science (SAMS),
respectively. AT SDU, sediment samples were first acidified, dried and milled.
Then these samples were placed in small tin capsules that were transferred to
an elemental analyzer (Delta V Advantage, Thermo scientific). TOC contents
were derived from parallel sediment cores collected during the same multi-corer
cast. At SAMS, sediment samples were dried and milled after decalcification
with 5 % sulphuric acid. The samples processed were enclosed in tin capsules,
and the contents were measured with an elemental analyzer (Elemental Com-



bustion ECS4010, Costech). To estimate the analytical precision, triplicates of
every 5-10th sample were measured. Accuracy of analysis was confirmed by
measuring a standard material ‘medium organic content soil’ OAS (B2178, BN
217409, with 3.19% 4 0.07 C and 0.27% =+ 0.02 N) in triplicate, prepared in
the same way as samples with unknown organic carbon contents. TOC depo-
sition rates in periods with and without mass-wasting events were calculated
from the derived mass accumulation rates and the measured TOC content at
the sediment surface and in layers deposited during mass wasting.

2.5. Sediment photographs

Cores A4 and A5 collected from Atacama Trench were vertically split and pho-
tographed in a laboratory at the Center for Marine Environmental Sciences,
University of Bremen (MARUM) by using a Multi-Sensor Core Logger (MSCL;
GEOTEK®) equipped with a line scan camera for high-resolution core image
acquisition. These cores were collected in the same multi-corer cast with the

cores used for the radionuclide analysis. These photographs are shown in Figure
S1.

3. Results

3.1. Sediment profiles of 2'1°Pb_, and TOC in the eutrophic Atacama
Trench system

Nine sites were targeted in the Atacama Trench region: Six along the trench axis
(A10, A2, A3, A4, A5 and A6), two at abyssal references sites located at each side
of the trench (A7 and A9) and one bathyal site located closer to the continent
(A1), (Figure 1, Table 1 and Table S2). At five sites, 2!°Pb,, profiles were
derived from sediment cores from the same multi-corer cast and analyzed by two
different procedures and in two different laboratories (see Materials and Methods
for details). Except for slight misalignments of the sediment surface between
two cores at A1, A2 and A5, the two approaches provided very similar results
and gave confidence in the derived values (Figure 2 and Table 2). As expected,
no 137Cs was detected in any Atacama Trench sediments due to low 37Cs supply
in the Southern Hemisphere (Aoyama et al., 2006; Tsurume et al., 2011). At
the bathyal site, A1, and the oceanward abyssal site, A7, the 219Pb__ profiles
presented mono exponential declines from the surface to a sediment depth of
approximately 10 cm (Figure 2). However, the concentration of supported 2:°Pb
concentration along the upper 9 cm in A1 (0.15-0.18 Bq g™!) were clearly higher
than the concentrations measured below a 9 cm (0.12-0.14 Bq g!), suggesting
that the composition, and thus the source of the sediment might have changed
at the time of deposition (Table S2). The TOC contents at these two sites
declined gradually with sediment depth, but with much higher values (2.3 % at
0-1 cm depth) at the bathyal site Al as compared to the abyssal site A7 (0.7
%).

Abyssal site, A9, located close to the edge of the trench, exhibited an appar-
ently disturbed sediment surface with variable 2'9Pb, concentrations varying
between 0.5 and 0.2 Bq - g from the sediment surface to 6 cm depth from



here on values declines exponentially (Figure 2). Similarly, the TOC contents
within the upper 4 cm appear constant, and thereafter TOC gradually increased
with increasing sediment depth (Figure 2). The combined data suggest that the
upper disturbed sediment layer was deposited during a mass-wasting event, po-
tentially triggered by two large earthquakes in 2014 which had epicenters near
A9 (Table S3).

The hadal site A10, located 30 km west of A9, also showed a similar disturbed
sediment profile with constant 2!°Pb__ concentrations along the upper 3 cm,
followed by a mono exponential decline down to undetectable levels at 10 cm.
The average TOC contents was 1.05 % at 0-3 cm, which is distinctly lower than
peak values encountered at 4-5 cm of depth (Figure 2). Abnormal >1°Pb,, con-
centrations and TOC contents at 5-12 cm sediment depth at hadal site A2 also
suggest the presence of a mass-wasting deposit. The depositional age based on
the 21°Pb,, dating is of about 90 years, coincident with historic earthquakes
recorded in the area in 1929 and 1933 (Table S3). 2!°Pb__ and TOC contents
at A4 showed an increase at 6-10 cm and 10-14 cm, respectively. These depo-
sitional events are possibly linked to the same incident of mass wasting, but
the slight misalignment might be related to the fact that profiles originate from
two parallel sediment cores. The deposition age of this layer is about 70 years,
coinciding with earthquakes in the area that were recorded in 1957 (Table S3).
Apart from a few minor excursions, the remaining hadal sites (A3, A5 and A6)
all exhibited a steadily decrease in 21°Pb,__ concentration from the surface until
reaching background levels in the deeper sediment layers, suggesting no mixing
or mass-wasting deposits at these sites during the past 100 years.

Excluding any contributions from mass-wasting deposits, the SR and MAR, dur-
ing steady deposition periods as derived from the 21°Pb__ concentration profiles
amounted to 0.70-0.77 mm y! (0.037 g cm™ y!) for the bathyal site (A1), 0.33-
0.65 mm y* (0.018-0.024 g cm™ y!) for the oceanward and continental slope
abyssal sites (A7 and A9) and 0.29-0.79 mm y™! (0.012-0.093 g cm™2 y1) for the
hadal sites along the trench axis (Table 2).

Table 2. Sedimentation Rate, Mass Accumulation Rate, Core Depth Applied
to Calculate the Rates, TOC Content in the Surface (0-1 cm depth) Sediment
and Organic Carbon (OC) Deposition rate.

10



Mass accumulation

Sedimentation Depth to . .
. OC deposition rate
Trench system  Site rate rate calculate  TOC (%)" C oyt
(mm y_l) (g em’ y'l) the rates (cm) (eCm-y)
0.77 0.037 0.5-9.5 8.58
Al b b 232 b
0.70 0.037 0.5-7.5 8.58
A7 0.65 0.024 0.5-9.5 0.67 1.59
A9 0.33 0.018 6.5-9.5 1.01 1.80
Al0 0.29 0.012 2.5-6.5 0.94 1.16
0.29 0.028 3.5-55 1.12
A2 b b 0.39 b
Atac 0.49 0.043 0.5-4.5 1.67
acama A3 0.79 0.093 55.9.5 0.57 5.6
0.56 0.055 0.5-6.5 3.15
A4 b b 0.58 b
0.67 0.062 0.5-6.5 3.57
0.39 0.027 4595 1.78
A5 b b 0.67 b
0.48 0.037 3595 213
0.43 0.032 0.5-7.5 1.84
A6 b b 0.58 b
0.47 0.043 0.5-6.5 2.51
KK1 0.80 0.036 0.5-15 no data -
KK4 0.88 0.042 9.5-22.5 no data -
Kuril-Kamchatka KK9 0.28 0.012 2.5-7.5 1.04 1.25
. . 5-4. . 3.13
KK11 0.89 0.029 2.5-4.5 108‘ 1
0.49 0.053 17-23 0.92° 488
K7 0.31 0.020 0.5-3.5 0.37 0.73
Kermadec K4 0.30 0.015 0.5-3.5 0.45 0.66
K6 0.39 0.029 0.5-7.0 043 1.26
. MI - - - 0.49 -
Mariana d d
M2 0.39 0.044 0.5-6.5 043 1.91

Note. * Averaged value of the two cores in the surface sediments. ® 21Pb__ was

measured at ECU. ¢ Averaged value of the upper mass wasting event layer.

Glud et al. (2013)
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Figure 2. 21%Pb__ and TOC profiles measured in sediment cores recovered in
the Atacama Trench region. Sediment layers deposited during mass wasting
events, as inferred from elevated and constant 2'°Pb,_ activities over distinct
depth intervals and abnormal TOC distribution are shown in gray hatches. Solid
and dashed lines in the 21°Pb,,_ graphs were obtained by exponential curve
fitting from the corresponding 2'°Pb,, plots.

3.2. Sediment profiles of 21°Pb_,, 137Cs and TOC in the eutrophic
Kuril-Kamchatka Trench system

Four hadal sites were targeted in the Kuril-Kamchatka Trench system (Figures
la and 3a). As for the Atacama Trench, some sites had sediment horizons with
constant 219Pb_, that reflect rapid deposition by mass wasting. This pattern
was clear at KK4 where two layers with distinct signatures representative of
mass wasting were identified at 0-10 cm and 23-40 cm, respectively (Figure 3a).
The surface layer is likely related to a large earthquake that occurred close to
site KK4 in 2006, while the deeper layer is related to an unidentified mass-
wasting event more than 100 years old (Table S3). In contrast, the sediment
at KK11 reflected a single mass-wasting event surrounded by two periods of
low, constant sedimentation rates (Figure 3a and Table 2). The time for the
mass wasting coincides with two significant earthquakes in the region in 1995
and 1996. Unlike sediments from the Atacama Trench, '37Cs was detected at all
Kuril-Kamchatka sites. At KK4 and KK11, 37Cs extended into the layers below
the mass -wasting deposits, confirming that these layers were deposited after
1956, when '37Cs fallout was intensified by atmospheric nuclear tests (Hirose et
al., 2008). The 21%Pb__ profiles at KK1 and KK9 showed no distinct signatures
of deposits from mass wasting (Figure 3a). Excluding the sediment contribution
from mass-wasting events, the derived SR and MAR at the four hadal sites in
Kuril-Kamchatka Trench were 0.80 mm y™! (0.036 g cm™ y!) at KK1, 0.88 mm
y1(0.042 g cm? y1) at KK4, 0.28 mm y* (0.012 g cm™ y!) at KK9 and 0.89
mm y* (0.028 g cm™? y!) at KK11 (Table 2). The TOC content at both KK9
and KK11 gradually decreased from the surface to the maximum measuring
depth. Unfortunately, no TOC data are available from KK1 and KK4.
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Figure 3. 21Pb__, 137Cs and TOC profiles measured in sediment cores in the
Kuril-Kamchatka (a) and the Kermadec Trench (b) regions. Sediment layers
deposited during mass wasting events, as inferred from elevated and constant
210pp__ activities over distinct depth intervals (for both trench cores) and ab-
normal TOC distribution (for Kermadec Trench cores only) are shown in gray
hatches. Solid lines in the 2!°Pb__ graphs were obtained by exponential curve
fitting from the corresponding ?'°Pb,, plots.

3.3. Sediment profiles of 21°Pb_, and TOC in the mesotrophic Ker-
madec Trench.

Three sites were sampled in the Kermadec Trench: one at a nearby abyssal
reference site (K7) and two located in the trench axis (K4 and K6). The 2'°Pb,
concentration profiles at K7 and K6 showed a steep decrease from the surface
to a depth of 4 and 8 cm respectively, before reaching a stable low level to
the bottom of the core (25 and 30 cm, respectively; Figure 3b). The ?1°Pb,
concentration profile of K4 showed enhanced 2!°Pb__ concentrations towards the
bottom of the cores which coincided with an elevated TOC content, instead of
the gradual decrease seen at K7 and K6 cores (Figure 3b). This layer is possibly
formed by mass wasting from the upper trench slope located west of the trench
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axis (Ballance et al., 2000). Based on the sedimentation rate derived from the
210Pp . concentrations, the deposition of this layer would have occurred before
1940, which is compatible with two major earthquakes that occurred in the
region in 1917 and 1919 (Table S3). Like the Atacama Trench, no 37Cs was
detected in any of the sampled Kermadec Trench sediments. The derived SR
and MAR rates at the abyssal reference site (K7) amounted to 0.31 mm y*
(0.020 g ecm™ y!) while values at the two hadal sites were 0.30-0.39 mm y!
(0.015-0.029 g cm™ y!), ignoring any contributions from mass wasting (Table
2).

1. Sediment profiles of 21°Pb__, 137Cs, and TOC in the oligotrophic
Mariana Trench

Two sediment cores from the Mariana Trench region were investigated: one
from an abyssal reference site (M1) and one from the trench axis (M2). The
210pp__ concentration and the TOC content has previously been presented in
Glud et al. (2013). The 219Pb,, concentrations at the abyssal site were elevated
at the surface, but values remained relatively low and without any distinct
decline with increasing sediment depth (Figure 4). It was not possible to derive
any SR and MAR from the data at site M1. The recovered sediment cores
contained many manganese nodules and previous investigations have observed
high levels of manganese oxide in subsurface sediments from this region (Iijima et
al., 2016), and therefore the observed 2!°Pb__ profile at this site maybe strongly
confounded by the release of 222Rn from manganese oxide (DeMaster & Cochran,
1982).

The profile of 2!°Pb,, at the hadal site M2 showed a steep exponential decline
from the surface down to 8 cm depth, overlying a sector of relatively low stable
210pp . concentrations down to 25 cm. The '37Cs signal was detected from the
surface to 6 cm depth. The sedimentation and mass accumulation rates derived
from the 21°Pb, profile amounted to 0.39 mm y! (0.044 ¢ cm™ y!) (Table 2).
The 21Pb,, profiles suggest that the sediment below 8 cm depth was formed by
a past unidentified mass-wasting event, which occurred at least 100 years ago.
The downcore TOC content was highly irregular but averaged 0.37 % without
any distinct depth pattern.

16



219Pp,, and *'Cs

M1 0 ‘ : 0 A
6032m

Core depth (cm)

20r 20 - ¢
25 . L * 25 k) . . .
0.001 0.01 0.1 1 10 0 0.2 04 0.6 0.8 1.0
g8,
0= 0 -
1085(|\)/|2 E -k:ﬂ, ] / J [ te .,
m £ =5 [ 2
%_ 10 »0*.: o 10 '.o
[ L 1 o
o v Ll Q’
4 * .
5}
O 20 | ++ 1 20 ’ ..
1 .
25 r ‘ H 1 1 25 1 ‘ 1 1 1
0.001 0.01 0.1 1 10 0 0.2 04 0.6 0.8 1.0
(Bag™ (Wt. %)

Figure 4. 21%Pb__, 137Cs and TOC profiles measured in sediment cores in the
Mariana Trench region. Sediment layers deposited during mass wasting events,
as inferred from constant 21°Pb__ activities and TOC distribution are shown in
gray hatches. Solid lines in the 2!Pb__ graphs were obtained by exponential
curve fitting from the corresponding 2!°Pb,, plots.

1. Discussion

4.1.
axes.

This study uses 21Pb,, and TOC profiles to estimate SR, MAR and carbon
deposition rates in some of the deepest trenches on Earth. Sediment layers with
constant and/or elevated concentrations of 2!Pb_, and unusual excursions in
the TOC contents, were interpreted as deposits formed during mass-wasting
events. It is well established that high densities of infauna, as found in coastal
margins or along continental slopes, can strongly affect sediment through bio-
turbation, resulting in high, constant 2!°Pb_, concentrations at the sediment
surface (Nozaki et al., 1977; McKee et al., 1983; DeMaster et al., 1985). SR and
MAR in such settings are usually derived by ignoring values from the mixed
surface layer and only use the mono-exponential decline of ?'°Pb,, in the un-
derlying, non-bioturbated sediments layers (Nozaki et al., 1977; Nittrouer et al.,
1984; Glud el al., 1998). We cannot exclude that bioturbation may have affected
the distribution of 2!°Pb__ in surface sediments from some of our targeted sites
indicating constant 2!°Pb,_ concentrations (i.e., A3, A5 and KK4). However,
a sub-set of hadal sediment cores were imaged and exhibited undisturbed lam-
ination (Figure S1) suggesting little or no bioturbation. While the sediments
would undoubtedly host small-bodied infauna; meiofauna; (e.g., Leduc & Row-

Sedimentation, focusing and mass accumulation along trench
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den, 2018), no larger bioturbating macrofauna were found in any cores during
sectioning. Hadal sediments host negligible amounts of bioturbating macro-
fauna, as compared to shallow water environments (Brandt et al., 2018). In
a few instances, surface sediment exhibited fluctuating 2'°Pb,, concentrations
with constant persistent TOC contents (i.e., A3 and A5), which could be re-
lated to shaking induced by seismic activity as recorded by time-series in situ
photographs at sediment surface in bathyal continental slope, Sanriku region,
Japan (Oguri et al., 2016) and in sedimentary structures at seismic active set-
tings at the continental slope of the Japan Trench (Ikehara et al., 2021). We
therefore argue that layers of relatively constant, elevated 2'1°Pb,, concentra-
tions in hadal sediments reflect mass-wasting and/or seismic events rather than
intense sediment mixing by infauna.

To quantitatively assess the potential enhancement of material focusing along
the trench axes we derived the focusing factors in the four investigated trench
regions. We quantified the focusing factors at the four abyssal sites adjacent
to the respective trenches were similar, ranging from 1.17 (A9) to 2.05 (A7)
and with an average of 1.67 £+ 0.32 (Table 3). These values indicate that some
material focusing exists along the trench edge, although it might also partly
reflect that the pelagic deficient 2'°Pb inventory were derived from data obtained
at some distance from the respective trench regions (Table S1). We cannot
exclude that these sites might have different deficient 2'Pb inventories than
waters above the actual trench region caused by intensified 2!°Pbscavenging
along the trench boundaries (e.g., Nozaki et al., 1997). Regardless, the vertical
focusing factors along the hadal trench axes were derived by applying the same
pelagic data and generally expressed elevated values, ranging from 1.06 (A10)
to 3.54 (K6) and with an average of 2.12 £ 0.66 (Table 3). The generally
elevated focusing factors along the hadal trench axes suggest downslope material
transport towards the trench interior even during periods with no significant
mass wasting (Figure 5a). The few hadal sites with relatively low focusing
factors (i.e., 1.06 at A10 and 1.24-1.81 at A2; Table 3) could potentially imply
limited focusing or winnowing driven by hydrography interacting with local
bathymetric structures (Turnewitsch et al., 2014).

Table 3. 21Pb__ Inventories in Abyssal and Hadal Sediments, ??Ra, 2!°Pb
and Deficient 219Pb,, Inventories in the Water Column and Focusing Factor.
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pa 1 - - 10 - - PRI (1 -
Pb,, inventory in Pb_ inventory in a9 210, Deficient = Pby, Focusing

Water . Ra inventory in Pb inventory in Focusing factor
. sediment no or excluding  sediment including inventory in the X factor
Trench system  Site depth . = , N the water column  the water column no or excluding
(m) mass wasting layer mass wasting layer ® cm':) ® cm':) water column mass wasting layer including mass
(Bq em™) (Bg cm™) d d (Bq cm™) - wasting layer
A7 1.25 (0.11) 2.19 1.58 0.61 2.05 (0.15)
A0 0.29 (0.04) 0.98 (0.09) 1.42 1.17 0.25 1.17 (0.16) 3.98 (0.35)
AlO0 1.27 (0.08) 2.16 (0.09) 3.41 2.22 1.20 1.06 (0.07) 1.81 (0.08)
22 > 285 4
A2 7995 228 023 285 (034) 3.53 2.28 1.26 181 (0.19)
1.56° (0.09) 1.66° (0.11) 124 (0.07) 132 (0.09)
A3 7915 2.37 0.15 3.49 2.26 1.23 1.92 0.14
Afacaima 2.17 Eo 17; 2.50 (0.15) 1.70 Eo 09§ 196 (0.12)
A4 8085 o - . o 3.58 2.30 128 X ' - o
2.73 (0.19) 2.07 0.21) 2.13 (0.16) 232 (0.16)
3.2 .15 2.7 A
As 4 (©.15) 3.41 222 1.20 Lo
3.22° 0.20) 269 (0.16)
2.47 .14 2.09 .12
A6 4 ©.14) 3.39 2.20 1.18 o ©.12)
2.44° 0.14) 206 (0.12)
KK1 8225 3.00 (0.07) 4.00 2.26 1.74 1.72 (0.01)
K4 4 3.35 .07 . .05 4.37 245 92 75 .02 5. X
Kuril-Kamchatka KK4 3941 3 (0.07) 11.3 (0.05) 4, 4 1 1 (0.02) 89 (0.03)
KK9 8221 3.14 (0.03) 4.00 2.26 1.74 1.81 (0.02)
KK11 9540 6.84 (0.15) 14.2 (0.06) 4.69 2.62 2.07 3.31 (0.02) 6.87 (0.03)
K7 6080 1.04 (0.08) 2.26 1.52 0.74 142 (0.11)
Kermadec K4 9300 2.30 (0.06) 232 (0.05) 344 2.19 1.25 1.84 (0.05) 1.86 (0.04)
K6 9555 4.66 (0.18) 3.59 2.28 1.31 3.54 (0.14)
. M1l 6032 79° 0.09' - ¢ 0.43 < 0.59
Mariana ! 1.79 (0.09) X 1 15( (0.43) 1 56 ( ‘,) .
M2 10850 4.80 (0.91) 5.05 (0.80) 2.64 (0.80) 1.82 (0.67) 1.91 (1.6)

Note. 210Pb__ was measured at ECU, P Depth integration to 25 cm (Glud et
al. 2013; Turnewitsch et al. 2014), and © Turnewitsch et al. (2014).
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Figure 5. (a) The derived focusing factor for the targeted sites ignoring sedi-
mentary depositions mediated by mass wasting events as identified by profiles
of 219Pb,, and TOC distribution. (b) Mass accumulation rates as a function
of water for the compiled data include studies from: East China Sea shelf to
Okinawa trough (Oguri et al., 2003), Taiwan margin to Okinawa trough (Chung
& Chang, 1995), Sagami Bay (Kato et al., 2003), Japan Sea (Hong et al., 1997),
Bering Sea (Oguri et al., 2012), Alboran Sea (Masqué et al., 2003), Barcelona
continental margin (Sanchez-Cabeza et al., 1998), Bay of Biscay (Radakovitch
& Heussner, 1999), Black Sea (Crusius & Anderson, 1992; Buesseler & Benitez,
1994), Gulf of Mexico (Yeager et al., 2004), Chile continental margin (Mufloz et
al., 2004), Svalbard and Norway coastal margins (Glud et al., 1998), Vefsnfjord
(Heldal et al., 2021) and the current study. The abbreviation indicate the re-
spective trenches and the specific sites in the respective trenches as outlined
in Table 1. Suffix -E after A in the plots represents that the 2!°Pb__ concen-
trations was measured at Edith Cowan University. The others without suffix
were measured at Japan Agency for Marine-Earth Science and Technology (A,
K and M) and the Scottish Universities Environmental Research Centre (KK),
respectively.
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The derived SR and MAR for the investigated hadal sites are relatively high,
even when sediment layers deposited during mass wasting are excluded from the
calculation and compare to the MAR estimated for many continental slopes (Fig-
ure 5b), and generally exceed values from abyssal settings (Figure 5b, and Table
2). These findings suggest considerable material focusing along trench axes that
is presumably mediated by gravity driven, near-bed, downslope material trans-
port that is potentially modulated by tidal-driven internal seiche (Turnewitsch
et al., 2014; Van Haren et al., 2020). Seven hadal sites had distinct records of
mass wasting (A4, A9, A10, KK4, KK11, K4 and M2), and inclusion of 2!°Pb_
inventories from these deposits markedly increased the MAR by almost 2 orders
of magnitude (Table 3 and Figure 5b). Site A9, at the continental edge of the
Atacama Trench, was only 4050 m deep, but was clearly affected by a mass-
wasting event that also was reflected at the nearby hadal site at 7770 m depth
(A10). This pattern suggests that the steeper slope angles encountered between
the continental margin and trench axis may facilitate significant translocation
of material from relatively shallow settings to the hadal trench axis. The im-
portance of mass wasting for the redeposition of material in hadal trenches has
been demonstrated previously (Itou et al., 2000; Bao et al., 2018), but here we
document that mass-wasting events during the past 100 years have been respon-
sible for at least 34 times enhancement of the deposition along the investigated
trench axes (Figure 5b).

Our data from four different trenches systems show that mass wasting might
place hadal trench sites among the marine habitats with the highest mass ac-
cumulation rates (Figure 5b). Additionally, our assessments also suggest that
trenches are characterized by continuous accumulation of material focusing, even
during periods without significant mass wasting. Both the continuous and the
erratic enhancement of material deposition might have important implications
for the balance between microbial mineralization and burial of organic material
and thereby long-term carbon sequestration in trench regions and the deep sea
in general.

4.2. Deposition of organic carbon in hadal trenches.

Hadal trench sediments exhibit 2-5 times higher microbial mineralization rates
compared to adjacent abyssal sediments (Glud et al., 2013; Wenzhofer et al.,
2016; Luo et al., 2019) and benthic hadal mineralization rates generally corre-
late well to net primary productivity in the surface ocean (Glud et al., 2021).
The four targeted trench regions underly surface waters of very different net
primary productivity (Table 1; from 50.4 to 449 gC m™ y1), but there was no
apparent relationship between MAR or organic carbon deposition rate and the
net primary productivity at the surface ocean (Tables 1 and 2). The disposi-
tion and accumulation rates of organic carbon exhibited extensive site specific
variations variability was large (Figure 5 and S2). These observations suggest
that deposition dynamics is strongly modulated by local bathymetry but highly
enhanced during mass wasting events Generally, the variability in organic car-
bon deposition rates is mainly caused by differences in SR and MAR rather
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than the TOC content (Table 2). For instance, the variation in SR and MAR
along the Atacama Trench range by more than 7 fold (0.012-0.093 g cm™ y1),
while the variation in TOC content is less than 3 fold (0.39-1.01 %) (Table 2).
The variability imposed by the highly complex bathymetry and corresponding
geomorphology of subducting trenches (e.g., Stewart & Jamieson, 2018) under-
pin the challenge of extrapolating single point measurements to an entire trench
system, let alone to hadal trenches in general. Inclusion of contributions from lo-
cal, unpredictable mass-wasting events clearly further enhance the encountered
variations of MAR and organic carbon deposition rates along the trench axis
(Table 2, Figures 5 and 6). The high spatiotemporal variations in deposition of
material likely play a central role in the distribution and dynamics of biological
communities in trenches and thus the relative accumulation of organic material
in the hadal sediments.

4.3. Accumulation of organic carbon in hadal trenches.

Burial or retention of organic carbon in marine sediments are generally cor-
related with MAR (Canfield, 1994). In regions with low MAR, most of the
deposited organic material is efficiently mineralized by aerobic microbial respi-
ration. However, increasing deposition of organic carbon intensifies microbial
mineralization and reduces the benthic O, availability whereby carbon mineral-
ization to a larger extent is mediated by less efficient anaerobic mineralization.
This process generally leads to relatively higher organic carbon accumulation
at such settings (Burdige, 2007). To estimate the relative accumulation of de-
posited organic material, we combined the derived TOC deposition rates (Dg)
with previously published measurements of benthic mineralization rate (Mg) as
derived from benthic O, consumption rates for the three trench systems where
such measurements are available (Glud et al., 2013 & 2021). To covert the ben-
thic O, consumption rates to organic carbon mineralization rates we assumed
a Respiratory Quotient (RQ) for the benthic mineralization of 0.85. The rel-
ative accumulation of organic carbon (Rgpy;) in the sediment record without
accounting for mass wasting should equal:

Roy = ﬁ ¢ 100 (%) (3)

The hadal values ranged from 16 % (A10) to 77 % (M2) with an overall aver-
age of 40+16 %, which compare to values from many coastal margins and shelf
systems (Figure 6). This implies that even without mass wasting, hadal sedi-
ments appear to be quantitatively important sites for carbon sequestration in
the deep sea. The inclusion of deposits from mass wasting, makes this proposi-
tion even more explicit. Four of the targeted sites were affected by mass wasting
and including deposition during these events enhanced the deposition of organic
carbon 21-365 times and accumulation of the organic carbon reached values be-
tween 93-99 % (Table 4 and Figure 6). These assessments demonstrate that
despite highly elevated microbial mineralization, hadal regions accumulate rela-
tively large amounts of organic material. The current findings align with other
recent investigations from the Japan Trench that demonstrated the importance

22



of tectonic induced mass wasting for translocating organic carbon to the hadal
environment (Bao et al., 2018; Kioka et al., 2019b) and previous indirect ev-
idence arguing for high carbon accumulation in hadal sediments (Luo et al.,
2017; Xu et al., 2021) and with recent findings of highly elevated sequestration
of black carbon in some hadal settings (Zhang et al. 2022).

Table 4.

Depth of Mass-Wasting Event Layer, Amount of Organic Carbon (OC) Depo-
sition Per Event, OC Deposition Rate without Mass-Wasting Event and OC
Depositional Ratio with/without Mass-Wasting Events of the Hadal Sediments.

Trencl Depth of mass-  Amount of OC preserved ~ OC deposition rate without
rench

OC deposition ratio

Site wasting per single mass-wasting mass-wasting event with/without mass-
sytem event layel‘h (cm) event (g€ m™) (eCm’y") Wwasting event
Al0 0-3 105 1.16 91
Atacama A2 5-12 295-388 1.12-1.67 177-346
A4 7-10 75-85 3.15-3.57 21-27
Kermadee K4 4-15 181 0.66 276
Mariana M2 7-25 697 1.91 365
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Figure 6. The accumulation of organic carbon versus as derived from depo-
sition and mineralization rates versus the mass accumulation rates quantified
form a range of marine settings. The hadal data of the current study are plotted
along with previous values collected at a depth range from 10 m to 5330 m pre-
sented in Canfield (1993) and Glud et al. (1998). The abbreviation indicate the
respective trenches and the specific sites in the respective trenches as outlined
in Table 1.

1. Conclusions and Perspectives

The current investigation demonstrates that for the past ~100 years SR and
MAR and organic carbon deposition in four hadal trenches systems exceed val-
ues from the adjacent abyssal settings. The enhanced material transport is
mediated by downslope focusing but mainly by mass wasting, although the vari-

24

102



ations both within and between individual trenches is considerable due to local
bathymetry, and spatiotemporal dynamics as induced by mass wasting events.
However, the sources and characteristics of the material reaching the trench
axes are still poorly resolved (Luo et al., 2019; Lin et al., 2021; Xu et al., 2021).
While the deposited organic material sustains high biological activity (Glud et al.
2021), it apparently also leads to considerable sequestration of organic material
along the trench axes. During periods without mass wasting, the burial effi-
ciency along the trench axes are within the same range as values encountered at
oceanic margins or along continental slopes, but mass wasting markedly enhance
hadal accumulation of organic material. The efficiency of anaerobic microbial
degradation in subsurface sediments enriched in organic material remain un-
known and thus the timescale of hadal carbon retention require further insights
on anaerobic mineralization at hadal depth. The study adds to the growing
evidence that hadal trenches are complex (Stewart & Jamieson, 2018) and dy-
namic habitats, and that site-specific conditions challenge areal extrapolations
even within a given trench system let alone across different trench systems.
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